Reaction of the early-late heterobimetallic complexes [Cp tt 2 Zr(µ 3 -S) 2 {M(CO)} 2 (µ-dppm)] (M = Rh, Ir) with dppm (bis-(diphenylphosphino)methane) yields the compounds [Cp tt 2 Zr(µ-S) 2 M(µ-CO) 2 (µ-dppm)M(! 2 -dppm)] (M = Rh (3), Ir (4)). The molecular structure of 3 shows a bent trimetallic ZrRhRh chain with tetrahedral, trigonal-bipyramidal and square-piramidal geometries, respectively. This trinuclear compound exhibits a mixed-valence Rh(II) __ Rh (0) metal-metal bonded unit that results form the unusual chelating coordination of the metalloligand [Cp tt 2 Zr(S) 2 ] 2and is further stabilized by the presence of two unsymmetrical bridging carbonyl ligands which interact with the unsaturated Rh(II) metal. The formation of 3 is reversible and the equilibrium 1 + dppm ! 3 has been observed in solution (K ! 16 at 22 o C in C 6 D 6 ). The opening of the triangular core in the heterotrimetallic compound [Cp tt 2 Zr(µ 3 -S) 2 {Rh(CO)}{Ir(CO)}(µ-dppm)] (5) is not selective and gives the compounds [Cp tt 2 Zr(µ-S) 2 Rh(µ-CO) 2 (µ-dppm)Ir(! 2 -dppm)] (6) and [Cp tt 2 Zr(µ-S) 2 Ir(µ-CO) 2 (µ-dppm)Rh(! 2 -dppm)]
The reaction of the complex [Cp tt 2 Zr(µ 3 -S) 2 {Rh(CO) 2 } 2 ] with an excess of dppm in toluene gave a red-brown solution from which the complex [Cp tt 2 Zr(µ-S) 2 Rh(µ-CO) 2 (µ-dppm)Rh(! 2dppm)] (3) was isolated as dark-red crystals in moderate yield. The structure has been determined by X-ray diffraction methods (Figure 1) and is discussed below. In order to gain further insight into the formation of compound 3, the reaction of [Cp tt 2 Zr(µ 3 -S) 2 {Rh(CO) 2 } 2 ] with dppm was monitored by 31 P{ 1 H} and 1 H NMR spectroscopy. Thus, the reaction with one molar-equiv of dppm in C 6 D 6 at RT gave a dark green solution of the complex [Cp tt 2 Zr(µ 3 -S) 2 {Rh(CO)} 2 (µ-dppm)] (1) which features a characteristic broad doublet at " 24.9 ppm (J Rh-P = 169 Hz) at RT. The reaction of [Cp tt 2 Zr(µ 3 -S) 2 {Rh(CO) 2 } 2 ] with two molar-equiv of dppm under the same conditions (! 0.3 M) resulted in the formation of [Cp tt 2 Zr(µ-S) 2 Rh(µ-CO) 2 (µdppm)Rh(! 2 -dppm)] (3) which coexist with 1 and dppm ( Figure 2 ). Compound 3 exhibits three characteristic resonances in the 31 P{ 1 H} NMR spectrum in a 1:1:2 ratio in full agreement with the structure found in the solid state. The product distribution deduced from the integral of the Cp tt resonances in the 1 H NMR spectrum was 45% (1) and 55% (3). Obviously, the same product distribution was found when 1 was reacted with just one molar-equiv of dppm.
In addition, it was observed that further addition of dppm increased the 3 to 1 complex ratio.
For example, the product distribution resulting from the reaction of [Cp tt 2 Zr(µ 3 -S) 2 {Rh(CO) 2 } 2 ] with three molar-equiv of dppm was 30% (1) and 70% (3). These observations strongly suggest that compounds 1 and 3 could be in a dynamic equilibrium mediated by dppm. On the other hand, the dark red crystals of compound 3, that gave a red powder when crushed, afforded dark green solutions in toluene that are indicative of the presence of compound 1. In fact, the 31 P{ 1 H} NMR of the crystals in C 6 D 6 showed the presence of 1, 3 and dppm, which confirm the existence of the equilibrium 1 + dppm ! 3. The equilibrium constant, determined by the integral of characteristic resonances (Cp tt and >CH 2 ) of the different species, was found to be roughly 16 at 22 o C in C 6 D 6 . As expected, the equilibrium is solvent dependent and is shifted towards compound 1 in more polar solvents as CD 2 Cl 2 or CDCl 3 .
The reaction of [Cp tt 2 Zr(µ 3 -S) 2 {Ir(CO) 2 } 2 ] with two molar-equiv of dppm in toluene, or alternatively the reaction of the intermediate complex [Cp tt 2 Zr(µ 3 -S) 2 {Ir(CO)} 2 (µ-dppm)] (2) with one molar-equiv, gave an orange-red solution of complex [Cp tt 2 Zr(µ-S) 2 Ir(µ-CO) 2 (µdppm)Ir(! 2 -dppm)] (4) which was isolated as a brick red microcrystalline solid. However, both complexes are not in equilibrium since the conversion of 2 into 4 is complete as evidenced the monitoring of the reaction by 31 P{ 1 H} NMR. Moreover, compound 4 is not stable in solution and progressively decomposed to give a red-purple solution of the dinuclear complex [Ir 2 (µ-S)(µ-dppm) 2 (CO) 2 ] 12 which exhibited a characteristic singlet resonance at " -5.0 ppm in the 31 P{ 1 H} NMR spectrum (d 8 -toluene). In fact, the degradation of 4 was completed in 3 hours and compound [Ir 2 (µ-S)(µ-dppm) 2 (CO) 2 ] could be isolated directly as a purple solid when the reaction was conducted in benzene. The fate of the remaining "Cp tt 2 ZrS" fragment was not investigated any further.
Complexes 3 and 4 were characterized by elemental analysis, FAB+ mass spectra and NMR spectroscopy. The spectroscopic data suggest that both complexes are isostructural. The 1 H NMR spectra (C 6 D 6 ) evidenced the presence of a molecular symmetry plane in both molecules in agreement with the approximately C s symmetry found in the solid state structure for 3 ( Figure 1 ). In fact, although both Cp tt ligands are symmetry related, the protons and t Bu groups of each cyclopentadienyl ligand are unequivalent and were observed as three triplets between 6.0 and 5.5 ppm and two singlets between 1.85 and 1.33 ppm, respectively. The diastereotopic >CH 2 protons of the chelating dppm ligand were observed as two broad multiplets at " 3.71 and 3.39 ppm for 3 and as a multiplet at " 4.25 ppm for 4, whereas the equivalent >CH 2 protons of the bridging dppm ligand displayed a broad triplet in both compounds. The 31 P{ 1 H} NMR spectra in C 6 D 6 of both compounds (table 1) showed three strongly coupled resonances in a 1:1:2 ratio, in full agreement with the symmetry of the molecules. The observed high field resonance is consistent with the presence of a chelating dppm ligand having equivalent P donor atoms. 13 On the other hand, the measured coupling constants are in accordance with the cisoid disposition of the bridging and chelating dppm ligands coordinated to the same metallic center, and are in agreement with those found in the complex [CpFe(µ-CO)(µ-dppm)Rh(! 2 -dppm)] with a similar structural disposition of both dppm ligands. 14 In particular, the largest Rh-P and P-P coupling constants correspond to P B , which exhibit a J Rh-P of 154 Hz and a residual coupling (5 Hz) with the second rhodium atom in 3, and P A -P B couplings of 175 Hz (3) and 135 Hz (4). The equivalent bridging carbonyl ligands of 3 were observed as a complex symmetric multiplet at " 230.4 in the 13 C{ 1 H} NMR spectrum in C 6 D 6 . In addition, they were observed in the IR spectra as a strong #(CO) absorption at 1776 (3) and 1727 cm -1 (4), with a weak shoulder at a higher frequency. These relatively low frequency values are comparable to those observed in structurally related carbonyl-bridged dirhodium complexes and could be associated with a stronger back-bonding from the metals. 15
The reaction of the ELHT complex [Cp tt 2 Zr(µ 3 -S) 2 {Rh(CO) 2 }{Ir(CO) 2 }] with dppm was also investigated for comparative purposes. Thus, the reaction with one-molar equiv of dppm in dichloromethane cleanly afforded the compound [Cp tt 2 Zr(µ 3 -S) 2 {Rh(CO)}{Ir(CO)}(µdppm)] (5) which was isolated as a black-greenish microcrystalline solid in good yield. The compound displayed the molecular ion in the FAB+ mass spectrum at m/z 1244 and showed two strong #(CO) absorptions in the IR at 1957 and 1940 cm -1 . The spectroscopic data are in full agreement with a bridging coordination mode of the dppm ligand. Thus, the 31 P{ 1 H} NMR spectra in CDCl 3 showed the expected two resonances at " 29.60 (dd, J Rh-P = 168 Hz, J P-P = 34 Hz) and 13.73 (d, J P-P = 34 Hz) ppm for the P atoms bonded to the rhodium and iridium atoms, respectively. In addition, the 1 H NMR is in accordance the lack of symmetry of the molecule. Treatment of [Cp tt 2 Zr(µ 3 -S) 2 {Rh(CO) 2 }{Ir(CO) 2 }] with two-molar equiv of dppm or, alternatively, the reaction of 5 with only one-molar equiv (C 6 D 6 ) gave the complexes [Cp tt 2 Zr(µ-S) 2 Rh(µ-CO) 2 (µ-dppm)Ir(! 2 -dppm)] (6) and [Cp tt 2 Zr(µ-S) 2 Ir(µ-CO) 2 (µdppm)Rh(! 2 -dppm)] (7) in a 3:1 molar ratio. As can be deduced from the 31 P{ 1 H} NMR data (table 1) , the chemical shifts and coupling constants of both compounds compare well with those observed for complexes 3 and 4 and, therefore, they should be isostructural. Thus, the opening of the triangular structure in the heterotrimetallic complexes is unselective and suggests that both d 8 metal centers, rhodium and iridium, are well accommodated in the two different pentacoordinated coordination sites of the structure.
Molecular structure of [Cp tt 2 Zr(µ-S) 2 Rh(µ-CO) 2 (µ-dppm)Rh(! 2 -dppm)] (3). The molecular structure of the trinuclear complex 3 is shown in Figure 1 . Selected bond distances and angles are collected in Table 2 . The structure consists of a bent trimetallic chain with a Zr-Rh-Rh angle of 141.65(2) o . The structure exhibits a dirhodium unit "Rh 2 (µ-CO) 2 (µ-dppm)"
having two carbonyl and one dppm bridging ligands. If metal-metal bonding interactions are neglected, both rhodium atoms are five-coordinated being bonded to two additional ligands.
The geometry around the central rhodium, Rh(1) , is that of a trigonal-bipyramid by additional coordination to both sulfur atoms of the metalloligand [Cp tt 2 Zr(S) 2 ] 2 ; the axial positions are occupied by P(1) and S(2) donor atoms (174.07(6) o ). While the two Zr-S bond distances are very similar, 2.4329 and 2.4245(18) Å, the bipyramidal geometry around Rh(1) and the structural trans effect of the phosphine (P(1) atom) make the two Rh(1)-S bond lengths to be significantly different (2.3099(17) vs 2.4097(18) Å). In contrast to the described Rh (1) environment, the geometry of the external rhodium atom is square-pyramidal by coordination to a second quelate ! 2 -dppm ligand, with the apical position occupied by the P donor atom of the bridging dppm ligand (P (2)). The Zr atom exhibits a distorted pseudo-tetrahedral geometry linked to two ! 5 -Cp tt ligands and two bridging sulfur atoms. The wide angle centered on the Zr with the two centroids of the Cp tt ligands, 124.93(11) o , is largely determined by the steric effects of the bulky tert-butyl substituents. According with this, both Cp tt ligands adopt a nearly staggered conformation (torsion angle between the Cp tt rings: C(2)- The angle between the idealized planes of both Cp tt ligands of 63.8(3) o is comparable to that found in the complex 1 (62.1(2) o ) 10 and is enough to allow the free rotation of the Cp tt ligands as was evidenced in the 1 H NMR spectrum.
The ligand distribution in the dirhodium metal core results in 15 e -(trigonal-bipyramidal)
and 17 e -(square-pyramidal) metal centers and, in consequence, a covalent metal-metal bond between both rhodium atoms is expected to be present. In fact, the intermetallic separation between the rhodium atoms, 2.7611 (7) . Surprisingly, the intermetallic separation is similar to that found in compound 1 
Discussion
The dppm-induced equilibrium between compounds 1 and 3 involves a significant reorganization of ligands between the two late metal centers that also concerns a number of important bonding considerations. From a structural point of view, the formation of complex 2 Rh(µ-CO) 2 (µ-(CH 2 (PH 2 ) 2 ))Rh(! 2 -(CH 2 (PH 2 ) 2 ))] (3m, model of compound 3).
Calculations have been carried out by full geometrical optimization at DFT level using the b3pw91 functional without symmetry restrictions.
The main structural features are well reproduced in both cases. For compound 1m the calculated geometrical parameters of the trimetallic core are in agreement with those observed. The Zr-Rh calculated distance is 3.31 Å (3.3170 (8) are 0.55 and reflect a weaker Rh-CO interaction, the sum of Wiberg indexes for a given carbonyl with the two rhodium atoms its bridges it is close to 1 (mean 1.1) as the bonding capability is distributed across the bridge. 26 The increase in the metal-metal bond character in 3m compared to 1m is observed in the Wiberg index that change from 0.05 in 1m to 0.13 in 3m. 27 As far as the mechanism of formation of the complexes [Cp tt 2 Zr(µ-S) 2 M(µ-CO) 2 (µdppm)M(! 2 -dppm)] is concerned, it is worth to mention that the key factor responsible for the opening of the heterotrinuclear structure in the complexes [Cp tt 2 Zr(µ 3 -S) 2 {M(CO)} 2 (µ-dppm)]
is the breaking of two Rh-S bonds instead of the possible further CO replacement after interaction with dppm. This process, which results in the disconnection of a rhodium center from the metalloligand, is further assisted by chelating coordination of the incoming dppm ligand and the concerted motion both of the zirconium metalloligand to the second rhodium center, and of the terminal carbonyl ligands to the bridging positions. Thus, the crucial factor for this process seems to be the switch of the coordination mode of the zirconium metalloligand [Cp tt 2 ZrS 2 ] 2which in turn is able to stabilize the resulting mixed-valence Rh 2 II,0 dimetal core. Moreover, the overall process is largely facilitated by the short metal-metal distances in the precursor complexes (2.74 Å in 1) and for the presence of a bridging dppm ligand that acts as a template for the concerted movement of the carbonyl ligands and the zirconium metalloligand. 
Concluding Remarks
The (3). A summary of crystal data, data collection and refinement parameters are given in Table   3 . Intensity data were collected for 3 at low temperature (173 (2) (14) c, Å 23.258 (2) !, deg 97.010 (2) ", deg 99.872 (2) #, deg 101.853 (2 
